ABSTRACT The effects of gaseous anesthetics and pressure on the thermotropic behavior of multilamellar dipalmitoylphosphatidylcholine liposomes were studied by using a highsensitivity differential scanning calorimeter. It was found that halothane and enflurane decreased the transition temperature and increased the width of the transition without affecting the enthalpy change for the main gel-to-liquid crystalline transition. This emonstrated that the anesthetics decreased the degree of cooperative interaction between phospholipid molecules within the bilayer. Increasing the pressure increased the transition temperature but did not affect the transition width or enthalpy change. However, the increase in pressure reversed the effect of anesthetic on both the transition temperature and transition width. It is sugested that an understanding of the effect of anesthetics on the degree of cooperative interaction between phospholipids may be a key to understanding anesthetic action.
The physiological effect of inhalation anesthetics is likely a manifestation of the perturbation of membrane functions associated with synaptic transmission of nerve impulses. This conclusion is primarily based on the high degree of correlation between anesthetic potency and lipid solubility (1, 2) . Although it is possible that the primary sites of the action of anesthetics are specific membrane proteins, an attractive alternative is that such action is the result of induced changes in the dynamic structure of the lipid matrix.
Trudell and coworkers (3) have demonstrated that general anesthetics decrease the gel-to-liquid crystalline phase transition temperature of phospholipid bilayers and that this effect can be reversed by application of moderate pressures [-100 atmospheres (atm) (10 MPa)] to the system. This result is particularly intriguing because the physiological effect can also be reversed by moderate pressures (4) . Recently, Trudell (5) developed a phenomenological theory of anesthesia based on the concept of lateral phase separation in the membrane. This theory focuses on the absolute increase in fluidity of the phospholipid matrix caused by anesthetics. It was suggested that, when phase separation no longer exists, membranes are less able to facilitate the protein conformational changes necessary for normal physiological function.
In order to assess carefully the effect of the gaseous anesthetics on the thermotropic behavior of lipid bilayers, a detailed study was initiated using a highly sensitive differential scanning calorimeter. In addition, the influence of pressure on this behavior was ascertained by using a pressure cell adapted for this calorimeter. The results of this study show that the general anesthetics halothane (CF3CHBrCl) and enflurane (CHF2OCF2CHFCI) decrease the transition temperature without affecting the enthalpy change for the transition but that the degree of cooperative interaction between phospholipid molecules is decreased. Both these effects can be reversed by the application of moderate pressures. We therefore suggest that an aspect of the anesthetic effect more important than a change in the degree of fluidity is the induced decrease in the magnitude of molecular fluctuations within the membrane.
MATERIALS AND METHODS
Preparation of Multilamellar Vesicles. 1,2-Dipalmitoyl-3-sn-phosphatidylcholine, prepared by the method of Cubero Robles and Van den Berg as described by Suurkuusk et al. (6) , was dissolved in spectral grade chloroform and stored at -20°u ntil used. Solvent was removed from a measured volume of solution at room temperature by evaporation. The lipid was then dissolved in spectral grade benzene and frozen and lyophilized under reduced pressure for at least 4 hr. A known volume of preheated 50 mM KC1 was added, followed by vortexing at 500. Final phospholipid concentrations were [12] [13] [14] mM. Anesthetic Equilibration. The clinical inhalation anesthetics halothane (Fluothane; Ayerst Laboratories) and enflurane (Ethrane; Ohio Medical Products) were equilibrated with aqueous dispersions of phospholipids. Anesthetics of known concentration in nitrogen (using a standard calibrated vaporizer) were bubbled at a rate of 75 k 25 ml/min through two flasks containing water and passed over the liposome dispersion surface for 20-40 min. The flasks were continuously agitated in a shaker water bath maintained at 500 + 20. Gas chromatographic analysis of the inflowing and outflowing gas, and of serial samples of the aqueous-lipid phase, demonstrated that equilibrium between the gas and liquid phases was obtained within 10 min. Analysis of the phospholipid concentrations before and after equilibration confirmed that no significant change in the water content of the samples occurred. The equilibrated suspension, after a final vortexing, was transferred with a glass Hamilton syringe to the calorimetric sample cell which was immediately sealed. Both the syringe and calorimetric cell had been previously flushed with the anesthetic/ nitrogen gas mixture.
After the calorimetric experiments, the anesthetic partial pressures in the liposome samples, at 370, were analyzed by gas chromatography; these measured partial pressures agreed to ±12% with those predicted from the initial equilibration at 50°b y using published data on the variation of partition coefficients with temperature (7).
Calorimetry. These studies used a heat conduction-type differential scanning calorimeter with a precision of better than +25 ,ucal/degree (105 ,uJ/degree), as baseline noise, The details of the experimental procedure have been described (6) . For pressure studies, a specially designed thick-walled stainless steel cell of approximately 0.4 ml volume was constructed. The top of the cell cap was connected to a stainless steel capillary tube which passed out of the calorimeter and connected to a helium pressurizing system. To avoid evaporation problems, the cell cap contained a miniature one-way valve maintained in the closed position by a light spring. The cap assembly screwed onto the cell by means of an indium "O ring" seal. The valve opened during pressurization with helium gas and closed when the pressures were equalized. To ensure that the valve remained closed throughout the experiment, the external pressure was subsequently dropped by approximately 50 pounds per square inch (psi) (345 kPa). The system was continuously monitored for any leaks by closing off the pressurizing helium cylinder and measuring the pressure in the isolated capillary tubing.
The calorimetric data were analyzed as described (6) except that fewer points were used to "smooth" the data in the transition region. This procedure produced a sharper transition than previously reported (6) transition. Halothane also caused a decrease in the apparent tm of the first transition and, as the partial pressure was increased, this transition broadened until, at 0.047 atm, it could no longer be observed.
Our results with halothane are summarized in Table 1 . Included in Table 1 are similar results on the effects of the anesthetic enflurane.
The relationship between the size of the apparent cooperative unit, n, and OCp is derived from the van't Hoff relation (8) . For a system undergoing an all-or-none transition ACp = l -n(AH)2 ACP=(lK)2* IT2 [1] in which K = equilibrium constant for the transition, n = the number of residues in the macromolecular system, AH = the enthalpy change per residue, and R = universal gas constant. At the melting temperature, Tm, K = 1 and
The cooperative unit is then defined as n = ACPmax * 4RTMi AHl2
For a cooperative system, the estimation of n in this manner is an approximation of the average cooperative melting unit.
The data for halothane, shown in Table 1 and graphically depicted in Fig. 2 The graphical representation of these results (Fig. 2 ) demonstrates a linear relationship between either the tm of the high-temperature transition or At1/2 (proportional to n) and the partial pressure of the anesthetic at 37°. It is interesting to note that the slopes of the latter representation for halothane and enflurane differ by approximately a factor of 2 and appear to be quantitatively related to the relative potency of the anesthetic. The minimum alveolar concentration is 0.0075 atm for halothane and 0.017 atm for enflurane (11) .
The qCps of DPPC liposomes at different applied pressures of helium, in the absence of anesthetics, are shown in Fig. 3 . Increasing the pressure increased the tm for both the low-and high-temperature transitions but did not change either AH or the shape of the transition profile. These results are summarized in Table 2 Fig. 4 . The areas under the two curves are identical but helium at 136 atm increased the tm and decreased At1/2. In Table 2 , the parameters characterizing the melting profile of multilamellar DPPC liposomes at different combi- [3] Biophysics: Mounteastle et al. (----) . The baselines were adjusted to be equal at 270; the apparent heat capacity maxima are low because of the heat losses through the cell pressurizing tubing. that the actual distribution of cluster sizes in any system undergoing a phase change can be obtained from the shape of
OCp and that n, as calculated by Eq. 1, is a good estimate of the average cluster size at the tm and hence a good index of the degree of cooperative interaction. Therefore, the changes in n that we have observed accurately reflect changes in the degree of cooperative interaction between the phospholipid molecules. Thus, we conclude that the gaseous anesthetics not only decrease tm as expected but also influence the degree of cooperative interaction between phospholipid molecules. It is our thesis that this effect may be of primary importance in producing the physiological effects of anesthetics. The effect of pressure on the thermotropic behavior of the main transition of pure liposomes is easily understood. First, the contribution of PAV to AH is very small (-100 cal mol' at 150 atm). Therefore, the effect of pressure on AH is outside experimental detection. At the tmi, AG~0 and, from the Clausius-Claperyon relationship, it follows that dtm A LV dp AS Because AH is constant and AS = IXH/Tm is essentially constant, the increase in tm with pressure is directly proportional to the volume change of the transition. The linear regression slope of tm vs. applied pressure for pure DPPC (Fig. 5) gives dtm/dP = 0.024 degree-atm-' = 1.01 degree.cm3.cal-h for the main transition which, with AS' = 27 cal molh'degree-', yields a calculated value of AEV = 28 cm3.mol-h. This value for AV is in good agreement with the value reported by Wilkinson and Nagle (18) .
It is important to note that pressure does not change the shape of the main transition heat capacity curve and hence does not influence the size of the apparent cooperative unit. In the presence of anesthetic, however, pressure increases the tm and induces an increase in the size of the apparent cooperative unit. Pressure is thus capable of reversing both effects of anesthetics on the thermotropic behavior of DPPC multilamellar liposomes. It might be argued that the effect of applied pressure is merely a manifestation of pressure changing the differential solubility of halothane in the gel and liquid-crystalline phases of the liposomes. This does not appear to be the case, however.
Hill (14) has shown that the depression of tm for the main transition of DPPC liposomes is a linear function of anesthetic concentration and that the slope of tm vs. concentration can be related to its solubility in the lipid. In Fig. 5 , plots of tm vs. the partial pressure of halothane at three different applied pressures of helium are seen to be parallel. These results demonstrate that the differential solubility of halothane is essentially independent of the applied pressure.
The effect of pressure on increasing tm in the presence of anesthetic is easily understood in terms of the known volume changes associated with the transition in DPPC liposomes. However, the influence of pressure on changing the degree of cooperative interaction between lipids in the presence of anesthetics is, as yet, molecularly undefined.
It has been suggested that the anesthetic effect is related to the increase in the absolute degree of fluidity of the membrane matrix. However, we would like to focus our attention on the induced changes in the degree of cooperative interaction between lipid molecules. This decrease in lipid cooperativity means that the average gel and liquid crystal cluster sizes in the transition region (16, 17, 19) are smaller in the presence of the anesthetic. Thus, changes in fluidity per se may not be the critical factor in the mode of action of anesthetics, but rather anesthetics perturb the normal function of neuronal membranes by decreasing the size of the gel and liquid crystal lipid clusters below a critical size. This decrease in lipid cluster size may affect membrane function in at least two ways.
First, if the functioning of the synaptic nerve proteins depends on the maintenance of adequate lipid-cluster sizes that normally allow a high degree of thermodynamic linkage between components within discrete domains, the disruption of this cooperative linkage is important functionally. Several models of ionic currents (20) for excitable membranes incorporate the concept of cooperative interactions between activating macromolecules. The existence of cooperative lipid clusters provides a means of linking various parts of the membrane energetically, and such cooperative interactions-for example, between the subsynaptic receptor proteins-could be of great importance.
The second effect of decreased lipid cluster size could be to alter the kinetics of penetration of molecules into the membrane. Because anesthetics decrease the degree of cooperative interaction between lipids, the clusters become smaller in size and thus more numerous in the transition region. If passive transport of ions and other small molecules is enhanced by the interfaces or boundary areas between clusters, transport will increase in the presence of anesthetics. Recently, Tsong et al. (19) have suggested the penetration of 8-anilino-1-naphthalenesulfonate through dimyristoylphosphatidycholine vesicles is maximal at the tm and that the magnitude of the rate constant is increased in the presence of anesthetics.
We would also like to emphasize that the gel and liquid crystalline clusters that coexist in the transition region are in dynamic equilibrium and that individual lipid molecules are rapidly interconverting between the two states. If this conversion occurs in a highly cooperative fashion, then instantaneous local volume fluctuations of a large magnitude occur. For example, a spontaneous liquid crystalline-gel conversion of a cluster of size 200 in DPPC produces a volume fluctuation equivalent to about 5 liters-molh. In the presence of anesthetics the average size of these clusters is decreased and hence the local volume fluctuations will also be diminished. Such fluctuations, and changes therein, may be important in the functioning of membrane systems.
